In addition to leghemoglobin, at least nine nodule-specific polypeptides from the alfalfa (Medicago sativa L.)-Rhizobium meliloti symbiosis were identified by immune assay. Some of these polypeptides may be subunits of larger proteins but none appeared to be subunits ofthe same multimeric protein. All nine of the nodule-specific polypeptides were loalized to within the plant cytosol; they were not found in extracts of bacteroids or in the peribacteroid space. At least one of these nodule-specific polypeptides was found to be antigenically related to nodule-specific polypeptides in pea and/or soybean. Ineffective nodules elicited by R. meliloti strains containing mutations in four different genes required for nitrogenase synthesis contained reduced concentrations of leghemoglobin and of several of the nodule-specific polypeptides. Other nodule-specific polypeptides were unaltered or actually enriched in the ineffective nodules. Many of the differences between the ineffective and effective nodules were apparent in nodules harvested shortly after the nodules became visible. These differences were greatly amplified in older nodules. When the four ineffective nodule types were compared to one another, there were clear quantitative differences in the concentrations of several of the nodule-specific polypeptides. These 
Both legume and Rhizobium genes are involved in the biochemical and morphological interactions which result in the development of nitrogen-fixing root nodules. Until recently, studies of the time course of nodule development have focused primarily on two proteins, nitrogenase and leghemoglobin. Nitrogenase is an 02 labile, bacterial enzyme which catalyzes the reduction ofatmospheric N2 to ammonia. Leghemoglobin serves as an 02 carrier and regulates the 02 tension within the nodule.
Leghemoglobin apoprotein is synthesized by the plant (2); the heme moiety is probably supplied by the bacteria (18) . Although nitrogenase and mature leghemoglobin appear at about the same time (22) , leghemoglobin apoprotein is detected immunologically before the nitrogenase subunits (5) , and leghemoglobin mRNA can be detected even earlier (8, 22) .
Recently, a number of other bacterial and plant genes and/or proteins specifically required or expressed in root nodules have been identified. In the case of the bacterial endosymbiont, the characterization of R. meliloti mutants which form ineffective nodules with alfalfa led to the discovery of a nifregulatory gene required for nitrogenase expression (19, 25) . For the plant hosts, ' Supported by a grant from Hoechst A.G. the characterization of soybean nodulins (nodule-specific proteins encoded by the host plant genes) led to the identification of a nodule-specific uricase (3) . Studies of the time course of expression of five soybean nodulins suggest that, like leghemoglobin, nodulin synthesis begins soon after inoculation and at least 2 d before nitrogen fixation activity can first be detected (8) . Bisseling and coworkers (4) found about 30 nodule-specific polypeptides during the development of pea nodules. Using an immune assay, they found leghemoglobin only after the onset of nitrogenase activity. However, they did detect several other pea nodule-specific polypeptides prior to nitrogenase activity.
Rhizobium Fix-mutants (mutants which elicit ineffective nodules on their host plant) have pleiotropic effects on the synthesis of nodulin mRNAs (8) and nodule-specific polypeptides (4) . In addition, different Rhizobium mutants affect the synthesis of nodulins or nodule-specific polypeptides to different extents, although it does appear that most nodulins are at least synthesized in ineffective nodules at a low level (4, 8) .
In this paper, we describe a set of nodule-specific polypeptides which are bound by immune serum prepared against plantderived proteins from alfalfa root nodules. Preliminary characterization of these polypeptides by both the chromatographic behavior of their native forms, and by their localization to the plant or bacterial fractions of the nodule suggests that at least nine distinct nodule-specific proteins in addition to leghemoglobin are detected. We compared the accumulation ofthese nodulespecific polypeptides during the development ofeffective nodules with those synthesized in ineffective nodules elicited by four different Fix-R. meliloti mutants (25) (25) . Proteins from the peribacteroid space were released by osmotic shock, and the bacteroids were then lysed with SDS (25) . Proteins from free living Rhizobium were released by sonication in the same SDS lysis buffer used to lyse bacteroids (25) . Protein concentrations were determined by the method of Bradford (6 (Fig. 1, panel A) .
To identify more conclusively those polypeptides that are nodule-specific, the nodule immune serum was preadsorbed with root extracts. Although several of the apparently nodule-specific polypeptides were not bound by the preadsorbed immune serum, this nodule-specific immune serum did bind to at least 10 nodulespecific polypeptides (Fig. 1, Each of the major polypeptides detected by the alfalfa nodulespecific immune serum has distinct properties. Most are localized within the plant cytoplasmic fraction of the nodule but two of these polypeptides are also found in association with the bacteroids (Fig. 2) . The 15 kD polypeptide, which was detected in both the plant and bacteroid fractions of the nodule, probably corresponds to leghemoglobin because of its size (I 1), the fact that it is the most abundant protein detected, and because it cross-reacted with pea anti-leghemoglobin immune serum (data not shown). None of the other nodule-specific polypeptides in this study cross-reacted with the pea anti-leghemolobin immune serum. It is likely that the leghemoglobin found in association with the bacteroid fraction was due to a small amount of cross contamination with the cytoplasmic fraction. The 66 kD polypeptide (B-66) which is enriched in the bacteroid fraction of the nodule is a bacterial protein since, as shown in Figure 1, polyacrylamide gel (Fig. 3) .
To further characterize the individual nodule-specific polypeptides, nodule protein extracted in the absence of detergent was size fractionated on a Sepharose CL6B column. Aliquots of each column fraction were then subjected to SDS-PAGE and assayed for the presence of the nodule-specific polypeptides as described above (Fig. 4) . Our results suggest that in their native conformations, some ofthe polypeptides detected by the nodule-specific immune serum may be subunits of larger proteins. For instance, B-66 was found in the earliest protein containing fractions eluting from the sizing column. Since in its native conformation the B-66-containing protein behaves as a larger or more asymmetric protein than the 160 kD nodule-specific polypeptide (N-160), it is likely that B-66 is a subunit of a protein with a mol wt greater than 160 kD. Similarly, N-30 elutes from the sizing column along with larger proteins such as N-85 and thus may be a subunit of a larger protein.
It is important to note that the elution profile for each polypeptide is distinct. This suggests that no two nodule-specific polypeptides are subunits of the same multimeric protein.
An unexpected result of this experiment was the absence of three polypeptides, N-60, N-50, and N-13, from the detergentfree nodule extract. One possible interpretation is that these three polypeptides may be membrane associated. In support of this interpretation, these polypeptides were also found in diminished (Figure 7 ; Refs. 10, 1 1) and by DNA homology (7) . Verma et al. (23) have suggested the existence of a class of plant nodule proteins, c-nodulins, which would be required in all legumes. C-nodulins would be nodule-specific proteins required for essential nodule functions and thus might be expected to share common antigenic determinants. We demonstrated that, in addition to leghemoglobin, at least two nodule-specific polypeptides from pea nodules appear to be antigenically related to one or more of the nodule-specific alfalfa polypeptides (Fig. 7) . Similarly, we found that, in addition to leghemoglobin, at least one other polypeptide from soybean nodules appears to be antigenically related to the alfalfa nodulespecific polypeptides. We (R) and from R. meliloti-infected roots harvested 8 to 25 d after inoculation. The nodule extract (N) was prepared from nodules harvested 4 weeks after inoculation. Equal amounts of protein from each extract were subjected to SDS-PAGE and transferred to nitrocellulose. This Western blot was probed with the nodule-specific immune serum. Panel B, Nodule extracts were prepared from hand-picked nodules harvested 11 to 42 d after the alfalfa seedlings were inoculated with R. meliloti. Equal amounts of protein from each extract were subjected to SDS-PAGE on a 10% polyacrylamide gel and on an 8 to 15% polyacrylamide gradient gel. Following transfer of the protein to nitrocellulose, each Western blot was probed with the nodule-specific immune serum. A composite of these two Western blots is shown. specific immune serum, may be conserved in other Rhizobium species. Immunoreactive polypeptides of similar mol wt to B66 were found in extracts of free living R. leguminosarum and R. japonicum as well as R. meliloti (Fig. 3) . The corresponding polypeptides also appear to be present in extracts from pea and soybean nodules (Fig. 7) . Since B-66 is not present in E. coli extracts (data not shown), this polypeptide may have a function in modulation.
DISCUSSION
In addition to leghemoglobin, our nodule-specific immune serum identifies nine nodule-specific polypeptides. Some ofthese can only be observed during restricted periods of nodule development (e.g. N-46, N-20). Several polypeptides generally appear as diffuse bands (N-160, N-85, N-60 ). This occasionally produces difficulties in visualizing these polypeptides. Diffuse bands of this sort are typical of glycoproteins, or might represent more than one polypeptide with similar mol wt. In fact, preliminary results suggest that both the N-160 and N-60 bands are actually a mixture of two nodule-specific polypeptides (data not shown).
The nodule-specific polypeptides we detect appear to be localized within the alfalfa cytoplasm. This localization suggests that these polypeptides are synthesized by alfalfa. We cannot exclude the possibility (15) that some of these polypeptides are synthesized by R. meliloti bacteroids and then secreted directly into the plant cytoplasm without significant accumulation in either the bacteroid or the peribacteroid space. Direct evidence for the origin of these nodule-specific polypeptides will require the identification of the mRNA encoding each and the demonstration that this mRNA hybridizes either with the alfalfa or the Rhizobium genome. For the purposes of this paper, we assume that all or most of the nodule-specific polypeptides characterized in this study are synthesized by the plant.
Using this set of nodule-specific polypeptides to monitor the response of the plant, we have investigated the influence of the synthesis and function of nitrogenase on nodule development. We found that during the early stages of nodule development, there are minimal differences between ineffective and effective nodules. These differences became greater with the age of the nodule. In particular, there was a selective loss of certain nodulespecific polypeptides including leghemoglobin in ineffective nodules. Similarly, leghemoglobin apoprotein (7), leghemoglobin polysomal RNA, and four nodulin polysomal RNAs (8) also decreased in concentration in soybean nodules induced by a R. japonicum nitrogenase mutant. To some extent, the developmental scheme of these ineffective nodules may reflect an acceleration of nodule senescence. Polypeptides such as leghemoglobin or N-13, which were found in much lower concentrations in ineffective nodules than effective nodules, also decreased in concentration in older (5-6 weeks) effective nodules (Fig. 5,  panel B) . However, not all of the changes can be accounted for by such a simple model. For example, the concentration of N- (Fig. 1 ). This latter proposal is supported by the recent isolation of a nodule-specific form of two enzymes, glutamine synthetase from beans (1 4) , and uricase from soybeans
